
J. Mol. Biol. (1985) 186, 435-455 

Solution Conformation of a Heptadecapeptide 
Comprising the DNA Binding Helix F of the 

Cyclic AMP Receptor Protein of Escherichia cd 

Combined use of ‘H Nuclear Magnetic Resonance and 
Restrained Molecular Dynamics 

G. Marius Clore, Angela M. Gronenborn 

Max-Plan& Institut fiir Biochemie 
D-8033 Martinsried bei M&when, F.R.G. 

Axe1 T. Briinger and Martin Karplus 

Department of Chemistry, Harvard University 
12 Oxford Street, Cambridge, MA 02138, U.S.A. 

(Received 8 July 1985) 

A nuclear magnetic resonance study on a heptadecamer (17-mer) peptide comprising the 
DNA binding helix F of the cyclic AMP receptor protein of Escherichia coli is presented 
under solution conditions (viz. 40% (v/v) trifluorethanol) where it adopts an ordered helical 
structure as judged by circular dichroism. Using a combination of two-dimensional nuclear 
magnetic resonance techniques, complete resonance assignments are obtained in a 
sequential manner. From the two-dimensional nuclear Overhauser enhancement spectra, a 
set of 87 approximate distance restraints is derived and used as the basis for three- 
dimensional structure determination with a restrained molecular dynamics algorithm in 
which the interproton distances are incorporated into the total energy function of the 
system in the form of an additional effective potential term. The convergence properties of 
this approach are tested by starting from three different initial structures, namely an 
a-helix, a b-strand and a 3-10 helix. In all three cases, convergence to an a-helical 
structure is achieved with a root mean square difference of <3 A for all atoms and <2 A 
for the backbone atoms. 

1. Introduction 

The cAMP receptor protein (CRPT) of Escherichia 
coli is involved in the regulation of transcription of 
at least 20 genes by binding in the presence of 
CAMP to specific DNA target sites located at the 5’ 
end of the respective gene: in some cases this results 
in the stimulation of transcription (e.g. in the lac 

t Abbreviations used: CAMP; cyclic AMP; CRP, CAMP 
receptor protein of Ed.erichia coli; n.m.r., nuclear 
magnetic resonance; cd., circular dichroism; NOE, 
nuclear Overhauser effect; POESY, Z-dimensional NOE 
spectroscopy; COSY, two-dimensional homonuclear J 
correlated spectroscopy; u.v., ultraviolet; TFE, 
trifluorethanol; r.m.s., root-mean-square; RM, restrained 
energy minimized; FM, free energy minimized; RD, 
restrained dynamics; FD, free dynamics. 

operon), whereas in others it represses transcription 
(e.g. the CRP structural gene: for a review, see de 
Crombrugghe et al., 1984). The mechanisms 
whereby CRP achieves its effects are unknown. 

Within the C-terminal domain of CRP there is a 
helix-turn-helix motif comprising helices E 
(residues 168 to 175) and F (residues 180 to 191) 
(McKay & Steitz, 1981; McKay et al., 1982), which 
shares a considerable degree of structural homology 
with a similar motif in three other sequence-specific 
DNA binding proteins, namely the cro (Anderson et 
al., 1981), 1 CI (Pabo & Lewis, 1982) and Zac 
(Kaptein et al., 1985) repressors. In the crystal 
structure of CRP, the two F helices from each 
subunit constitute a symmetrical pair of 
antiparallel a-helices that protrude from the surface 
of the protein and are separated from each other by 
34 A (McKay & Steitz, 1981). Model-building 
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studies have suggested that the two F helices (aan 
int’eract directly with two successive major grooves 

of right-handed H-DNA (Weber bz Steitz, 1984). 
This is supported by genetic studies on mutations 
altering the DNA specificity of CRP that have 
shown that Glu181, the second residue of helix F, 
interacts with G . C base-pairs at positions 7 and 16 
of the recognition site (Ebright et al., 1984a,b). 

Although X-ray crystallography could, in 
principle, provide extensive structural detail on the 
specific CRP-DNA interaction, crystallization of 
such a complex has not been possible to date. A 
complementary approach involves n.m.r. 

spectroscopy in solution, and in particular NOE 
measurements to demonstrate the proximity of 
protons in space (Noggle & Schirmer, 1971; Redfield 
K: Gupta, 1971; Poulsen et al., 1980: Wagner & 
Wiithrich, 1982; Gronenborn & Clore, 1982) 
followed by a refinement procedure t)o det,ermine 
the three-dimensional solution structure from this 
data. CRP, however, is too large (Mr - 46,000) for 
such detailed structural studies by n.m.r. spectro- 
scopy. One possible way to overcome problems due 
to the size of the protein may be to examine t,he 
interaction of the relevant portion of the protein, 
namely a small peptide comprising helix F, wit’h a 
synthetic DNA oligonucleotide consisting of a 
specific target site. As a first step in this direction. 
detailed n.m.r. studies on a duplex DNA undecamer 
comprising the specific target site of CRP in the yal 
operon have been carried out (Clore & Gronenborn, 
1984a,h,c), and its three-dimensional solution 
st,ructure refined on the basis of interproton 
distance data by restrained least-squares 
minimization (Clore & Gronenborn, 1985a). In this 
paper, the second step is presented, namely an 
n.m.r. study on the solution structure of a 
heptadecamer peptide extending from residue 179 
to residue 195: 

in the presence of NOE interprotjon distance 
restraints. This is demonskated by presenting t,hrefl 
paths of refinement)s starting from three quitt 
different initial structure, namely an a-helix. a &lO 
helix and an extended P-strand. In each case 
convergence to an a-helical structure is achieved. 
with an r.m.s. difference of less than 2 ip\ between 
t,he backbone atoms and less than 3 A between all 
atoms of t’he three structures. On t’he other hand, 
restrained energy minimization with a standard 
conjugent gradient algorithm is shown not to yield 
t,his t’ype of convergence. This abilit,y of restrained 
molecular dynamics tIo search a wide range of 
conformational space and converge to a single-type 
of structure demonstrates the power of this method 
of solution structure refinement, based on inter- 
proton distance data. Tt suggests that additional 
tests of this approach. particularly to known 

structures, and its application t,o larger and mow 

complex systems, would bP of great interest. 

2. Experimental Methods 

The heptadecamer peptide was custom-synthesized by 
Cambridge Research Biochemicals (Cambridge. 1T.K.) 
using classical solid-phase methods and purified by 
reverse phase high-pressure liquid chromatography on a 
p- Bondapak C, s column. Purit,y was assessed both by 
high-pressure liquid chromatography and fast atom 
bombardment mass spectroscopy, which gave a clean 
positive ion spectrum with M+H+ at m/z 2001. 

The standard buffer used in both n.m.r. and c.d. 
experiments was 10 mM-KCl, 3 mlrr-potassium phosphate 
(pH 6.6) and 0.02 mM-EDTA either in ‘HZ0 or H,O. In 
the n.m.r. experiments, the solutions also contained 4001; 
(v/v) d,-TFE. All n.m.r. experiments were carried out at) 
0°C and c.d. experiments at 5°C. 

Circular dichroism spectra were recorded digitally from 
320 to 200 nm using a *JASCO JVT-C spectropolarlmeter 
equipped with a J-DPY data processor, with a sensitivit) 

180 helix F 

Asp-Gln-Asn-l,eu 

which spans the sequence of helix F. 
First, we show by c.d. measurements, that the 

17-mer peptide, although a random coil in the 
absence of any helix-stabilizing solvent, adopts an 
ordered helical conformation at low TFE 
concentrations. Second, using two-dimensional 
n.m.r. spectroscopy, complete resonance assign- 
ments are obtained. A qualitative interpretation of 
the NOESY data confirms the c.d. measurements, 
and indicates that, at 40% (v/v) TFE, the 17-mer 
peptide is completely helical. Third, a set of 
approximate interproton distances is obtained 
from the NOE data and used as a basis of structure 
refinement by restrained molecular dynamics. This 
requires t,hat the empirical energy potentials now 
available for molecular dynamics are sufficiently 
accurate to determine the conformation of a peptide 

of 0.5 millidegrees/cm and a time constant of 4 s. Cells 
with a pathlength of 2 mm were used. 

All n.m.r. experiments were recorded on a Bruker AM 
500 spectrometer equipped with digital phase shifters, an 
ASPECT 3000 computer and an array processor. For 
measurements in H,O the solvent resonance was 
suppressed by selective irradiation during the relaxation 
delay and, in the case of the PU’OESY spectra, during the 

mixing time as well (Wider et al.. 1984). The 
2-dimensional spectra in H,O and ‘H,O were recorded 
with sweep widths of 5208 Hz and 2732 Hz, respectively. 
with the carrier placed in the middle of the spectrum. The 
digital resolution employed was 5 Hz per point for the 
pure phase absorption NOESY spectra and 10 Hz per 
point for the absolute value COSY and relayed COSY 
spectra. This was achieved by appropriate zero-filling in 
the t, dimension only. In all cases the Z-dimensional 
spectra were symmetrized (Bauman et al., 1981). 
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NOESY spectra (Jeener et al., 1979; Anil Kumar et al.. 
1980) at 2 mixing times (150 ms and 300 ms) were 
recorded in the pure phase absorption mode using the 
time proportional phase incrementation method (Redfield 
& Kunz. 1975; Bodenhausen et al.. 1980) as described by 
Marion 8r Wiithrich (1983). Appropriate phase cycling 
was used for the suppression of axial peaks and of cross- 
peaks due to coherence transfer ria multiple quantum 
coherence transfer: in addition. a loo/, random variation 
in t,he mixing t,ime z, was used to eliminate zero- 
quantum coherence transfer (Macura et aZ.. 1981): 160 
transients were collected for each of 600 increments with 
a relaxation drla,v of 1 s between successive transients. 
An initial phase correction was carried out during 
transformation with a final adjustment after completion 
of the ‘L-dimensional transform. 

Absolute value COSY (Aue et al., 1976; Il’agayama et 
nl., 1980) and relayed COSY (Eich rt al.. 1982: Wagner. 
1983) spectra were also recorded. with appropriate phase 
cycling to provide quadrature information in the Fl 
dimension and to eliminate axial peaks. 

Initial model building and displaying of all structures 
was carried out on the Evans & Sutherlands PS 330 
Colour Graphics system interfaced to a VAX 1 l/780 
c>omputer using the interactive molecular graphics 
program FRODO (Jones, 1978. 1982) modified for the 
PS 330 by Dr Jim Pflugrath. 

Energy minimization and molecular dynamics calcula- 
tions were carried out on a CRAY IA computer (Max- 
Planck Institut fiir Plasma Physik, Garching) using the 
program CHARMM (Brooks et al.. 1983) optimized fol 
the CRAJ’ (Briinger & Karplus. unpublished results). All 
analysis of structures. however. was carried out on the 
VAX 1 l/780. and the displaying of molecular dynamics 
trajectories was carried out using a modified version of 
the function network of FRODO interfaced with 
(‘HARMM. 

EmpiricBal energy potentials for the energ) 
minimizations and molecular dynamics calculations were 
taken from Brooks rt al. (19X3), where the polypeptide 
atoms are represented by an extended atom model for 

2 

0 

G -2 

-4 

220 240 

Wavelength (nm) 

(a) 

260 

non-polar groups and polar hydrogen atoms are treated 
explicitly. This potential was modified in order to treat 
the hydrogen atom attached to the C” carbon explicitly. 
In addition, the hydrogen-bonding potential used by 
Brooks et al. (1983) was replaced by the appropriate 
parameterization of the Lennard-Jones and electrostatic 
non-bonding energy terms used in the (‘H,4RMM 
program version 19 (W. Reiher & 11. Karplus. 
unpublished results). Solvent molecules were not 
explicitly included in the simulation. but the effect of 
solvent was approximated by multiplying the elertro- 
static energy term by a (l/r) screening function (Brooks 
rt al.. 1983). This is a pa,rticularly appropriate approxi- 
mation for the polypept,ide as all portions are about, 
equally accessihlr to the solvent. The non-bonded 
interact,ions were switched off, using a cubic switching 
function, between 6.5 A and 7.5 a, with pairs up to 8 A 
included in the non-bonded list. The potential energy 
term representing the Pu’OE-restraints. described in detail 
in Results and Discussion section (d). was added to the 
total energy function of the system. 

Integration of the equations of motion was performed 
bv use of a Verlrt integrator algorithm (Vrrkt. 1967) 
\yith initial velocit,ies assigned to a Maxwellian distribu- 
tion at the appropriate temperature. During heat,ing, 
cooling and thermalization. the velocities were reassigned 
every 0.2 ps. The time strep of the int’egrat’or was 0.001 1)s 
and the norI-bonded interaction lists were uptlatd every 
042 ps. 

3. Results and Discussion 

(a) C’ircuhr dichroism 

The far u.v., c.d. spectrum of the 17-mer peptide 
in the standard buffer containing different con- 
centrations of TFE (from 0 up to 66% (v/v)) is 
shown in Figure l(a). In the absence of TFE, the 
CD spectrum shows very low negative intensity at 
222 nm, indicating the virtual absence of any CI- 
helical content. Except for the relatively low 
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Figure 1. (a) Far U.V. c.d. spectra of the 17-mer peptide (concentration, 50pM) at 5”C, as a function of TF”E 
concentration: 09; (O), 9.1% (m), 16.6% (+), 28.3% (O), 50% (IJ) and 66.6qb (0) (v/v). (b) Results of a 
multicomponent analysis of the data in (a) using the program COKTIN (Provencher & Glockner. 1981): a-helix (a) and 
b-sheet, ( n ). 
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negative intensity at 198 nm and the presence of a 
broad negative band in the 215 to 225 nm region, it 
resembles most closely that of a random coil. 
Increasing concentrations of TFE, a well-known 
promoter of a-helical structure, leads to the 
expected spectrum for an a-helix, with prominent 
negative bands at approximately 207 nm and 
222 nm. The results of a secondary structure 
analysis of the c.d. data using the program 
CONTIN (Provencher & Glockner, 1981) are shown 
in Figure l(b). This analysis confirms the absence of 
a-helix and indicates a p-sheet content of 32% when 
no TFE is present. As the TFE concentration is 
increased, conversion to an a-helix accompanied by 
t,he virtual elimination of the P-sheet content is 
achieved. Two features of this transition should be 
noted. First, the concentration of TFE (30% (v/v)) 
required to complete the transition is unusually 
low, indicating that a relatively small perturbat,ion 
of the solvent conditions is all that is required to 
induce an a-helical structure of the 17-mer peptide. 
Second, the CONTIN analysis indicates a maximal 
helical content of SO%, the remaining percentage 
being random coil. This figure, however, should be 
taken only as an approximate guide, as end-effects 
may make a significant contribution to the c.d. 
spect,rum of the 17-mer peptide and the analysis 
itself is based on data derived from large proteins. 

(b) Nuclear magnetic resonance spectroscopy 

On the basis of the c.d. data, all n.m.r. 
experiments were carried out in the presence of 
40:/o (v/v) d,-TFE, a condition ensuring the complete 

conversion of the 17-mer peptide to an ordered 
helical structure. Sequence-specific assignments 
were carried out in a sequential manner by means 
of two-dimensional n.m.r. spectroscopy, as described 
(Wiithrich et al., 1982; Wiithrich, 1983; Billeter et 
al., 1982; Wagner & Wiithrich, 1982; Strop et al.. 
1983; Zuiderweg et al., 1983). In short, this involves 
first identifying spin systems through use of COSY 
and relayed coherence transfer experiments, 
followed by NOESY experiments to identify 
through space short (~5 A) interproton contacts of 
which the inter-residue C”Hi-NHi+l (d,), NH,- 
NH,, 1 (d,) and @Hi-NH,+ r (ds) connectivities are 
the most important for the purpose of sequential 
resonance assignment. An example of a phase- 
sensitive NOESY spectrum in H,O showing d, and 
d2 connectivities is shown in Figure 2 and the 
assignments of the proton resonances are given in 
Table 1. It should be noted that, with the exception 
of the C” and GB protons of Serl, there is only one 
resonance position per proton. We can therefore 
conclude that for the segment extending from 
residue 2 to residue 17 there is either only one 
conformation present or, if more than one, they are 
in fast exchange on the chemical shift scale. In the 
case of Serl, however, we find two resonance 
positions of approximately equal intensity for both 
the C” and CB protons, indicating two distinct 
conformations for the N-terminal Ser in slow 
exchange on the chemical scale. From the 
separation of 35 Hz between the two positions of 
the C” proton, it can be deduced that the exchange 
rate between the two conformations of Serl is less 
than 200 per second. 

I r 

7-6 - 

7 a- 

8-O - 

c *2- 
E 

: 04- 

NOESY 150 ms 
NH (f II i-NH (F 

0 

9.2 
_.I- ~;--, --F:., ' , 1 _ , , B i&3 T &2 ____. 

1 I I I I I I I I I I 11 I 
9-2 9.0 8.8 8.6 8.4 8.2 8.0 7.8 7.6 4.6 4 4 4.2 4.0 3.8 3.6 3 4 

F2 (p.p.m.l 

Figure 2. NH(Fl-axis)-NH(E”Z-axis) and NH(Pl-axis)-C”H(F2-axis) regions of the pure phase absorption NOESY 
spectrum of the 17.mer peptide in 40% (v/v) d,-TFE/GO% (v/v) H,O at 0°C. The mixing time is 150ms and the 
concentration of 17-mer peptide is 2.5 mM. p.p.m., parts per million. The numbered cross-peaks in the PU’H(Fl)-PU’H(F2) 
region represent PU’H,-NHi+ i connectivities; the numbered cross-peaks in the NH(Pl)-C”H(F2) region represent 
C”H,-NH, connectivities; the notation for the lettered cross-peaks in the KH(Bl)-C”H(F2) region is as follows: 
A, C’HipNHi+2; B, C’Hi-NHi.3; C, C’Hi-NHi.4; D, UrHi-NHi+,. The lines (continuous, dotted and broken) in the 
NH(Fl)-C”H(F2) region delineate the C”Hi-NH,+ ,-C’H, connectivities. 
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Table 1 
Proton resonance assignments of the 17-mer peptide in 40% (v/v) d,-triJluorethano1, 

60% H,O at 0°C 

Residue NH C”H 
Resonance 

CBH CYH PH / Others 

SW1 4.28, 4.21 4.03, 3.81 
Arg:! 9.22 4.02 1.75, 1.75 1.62, 1.55 3.09. 3.09 N”H 7.11, guanidinium 6.77. 6.36 
Glu3 8.32 4.03 1.95, 1.91 2.37. 2.12 
Thr4 761 3.88 4.17 CYH3 1.16 
Va15 7.70 3.53 1.97 CY2H3 0.92, 0.81 
Glj-6 8.11 3.72, 3.65 
Arg7 7.69 3.94 1.87, 1.71 1.54, 1.54 3.07, 3.07 N’H 7.15, guanidinium 6.77. 6.36 
1 lr8 7.83 3.61 1.90 1.63, 0.99 CYH3 0.70, C?H, 0.78 
Leu9 8.45 3.93 1.82, 1.36 1.72 CYHj 0.70, 0.70 
LJ%lO 7.74 3.92 1.84, 1.67 1.37. 1.37 1.64. 1.56 N”H, 7.49 
Met 11 7.82 4.02 2.18 2.59, 2.37 SCH, 1.95 
Leul2 8.45 3.13 1.82, 1.36 1.72 CYH3 0.70, 0.70 
Glu13 8.48 3.95 2.13, 2.04 2.58. 2.36 
Asp14 8.23 4.49 2.95, 2.89 
Glnl5 7.75 4.15 2+IO, 1.97 2.38, 2.14 NdH, 7.35, 6.54 
As1116 7.99 4.59 2.80, 2.63 NYHz 7.53, 6.74 
Leu17 7.81 4.30 1.63, 1.57 1.49 CYH3 0.82, 0.74 

t Two resonance positions of approximately equal intensity are found for both the Ce and Cfl protons 
of Serl, indicating the presence of 2 distinct conformations for this residue in slow exchange on the 
chemical shift scale. The C”H, CBH pairs are as follows: (1) 4.28 and 4.03 parts per million; (2) 4.21 and 
3.81 parts per million. In both conformations, the 2 C? protons have the same chemical shifts. 

As discussed in detail by Wiithrich et al. (1984), 
the secondary structure can be deduced by a 
qualitative visual inspection of the NOESY 
spectrum. Looking at Figure 2, it may be 
seen that there are strong NHi-NHi+, (dz) 
(Fig. 2(a)) and weak C”Hi-NHi+, (d,) (Fig. 2(b)) 
NOE connectivities for all 16 inter-residue steps. 
@Hi-NHi+ 1 (d3) NOE connectivities are also 
observed for all inter-residue steps, with the 
exception of those between Gly6 and Arg7 (as 
glycine does not possess CD protons) and between 
LyslO and Met1 1. The general pattern of NOESY 
cross-peak intensities (aij) is as follows: 
aNH,-NH,,, - aC"H,-.SH, ' aCPH,-XH,+, > aCHi-XH,+,. These 
observations are indicative of an a-helical structure 
(Wiithrich et al., 1984). 

(c) Interproton distances 

For short mixing times t,, the magnitude of the 
cross-peak intensity aij between two protons i and j 
is given by (Wagner & Wiithrich, 1979; Macura & 
Ernst, 1980; Dobson et al., 1982; Keepers & James, 
1984; Clore & Gronenborn, 1985b): 

aijtt) -  aijt, 
(1) 

where bij is the cross-relaxation rate between the 
two protons. Because oij is, in turn, proportional to 
rij, distance ratios, or distances, if one distance is 
already known, can be obtained from the equation: 

rfdlrij = (aij/akL)1’6 y Laij(t)/%(t)11’63 (54 

providing the effective correlation times of the i-j 
and k-1 vectors are approximately the same. Note 
that the approximate relationship in equation (2) 
involving the cross-peak intensities aij and akl 

remains valid up to values of t three to four times 
longer than the initial rate approximation given in 
equation (1) (Clore & Gronenborn, 198%). Equation 
(2) can, in principle, be used to determine 
interproton distances within an accuracy of kO.2 A 
(Clore & Gronenborn, 19853). Indeed, this has been 
done successfully for the haem-methione moiety of 
ferrocytochrome c (Senn et al., 1984), for small 
ligands bound to macromolecules (Gronenborn & 
Clore, 1982; Gronenborn et al., 1984a,b; Clore et al., 
1984a) and for oligonucleotides (Gronenborn et al., 
1984c; Clore et al., 19846; Clore & Gronenborn, 
1984c). However, in the case of proteins, such 
accuracy is, in general, not feasible. First, 
stereoselective resonance assignments of the 
methylene protons usually can not be made. Second, 
suitable internal reference distances are often not 
available owing to the poor spectral dispersion of 
the methylene proton pairs. 

In the case of the 17-mer peptide, both 
limitations mentioned above apply, so that only 
approximate distances could be obtained. Our 
approach is based on that of Wiithrich and his 
collaborators, who use the known sequential 
distances [%I-NH,,,, rC'H,-NH,+, and TPH~NH,+ ,I in the 
different secondary structures found in proteins 
(Braun et al., 1983; Williamson et al., 1985). Rather 
than employing their distance geometry approach 
(Braun et al., 1983; Have1 & Wiithrich, 1984, 1985; 
Williamson et al., 1985), we have chosen to include 
the NOE data as restraints in a molecular dynamics 
simulation, as described in section (d), below. 

The distances are calibrated on the basis of the 
relative cross-peak intensities, essentially as 
described by Williamson et al. (1985), with a few 
minor modifications, from the data at’ a mixing time 
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of 150 milliseconds as follows (see eqn (2)): for 
Clij 2 100. rij = 2.5 (f0.5) A: for “ij = 40 to 100. 
rij = 3.0 ( -&OY5) A: for to 10. 
rij = 3.5 ( f0.5) A: 

cxij = 10 
and for aij = 5 to 10, 

rij = 4 (f 1) a. (Note that a number of one- 
dimensional NOE experiments with irradiation of a 
few selected resonances for different times was used 
to check that the approximat’ion in equation (2) was 
valid at, 150 ms.) In t’he case of NOE values 
involving protons for which stereospecific 
assignments could not be made, the distances were 
referred to the directly bonded carbon atom and 
appropriate corrections for distances and errors 
were made on stereochemical grounds, taking into 
account the CH bond length, the van der Waals’ 
radii of the C and H atoms and the errors in the 
estimation of the interproton distances. For 
example. consider an inter-residue NOE bet)wrrn 
two methyl groups corresponding to an ((re6))- 1’6 
distance of 2.5 (f0.5) A. From this distance one 
can deduce that, the protons of the two methyl 
groups are pointing towards each other. Taking inbo 
account the tetrahedral geometry of the methyl 
group, it follows t’hat the distance between t,he 
carbon atoms of the two methyl groups lies within 
the range 4( + 1) A. Similarly. consider the 
(‘Y-NH. distance. The (‘“H.-NH. (aross-prak 
irftensi;Lk correspond to an (‘(~-‘f;“/~ distance 
wit’hin the range 2.5 to 3.5 ‘4. Taken together wit)h 
the knowledge that the NH,-NH,,, cross-peak 
int’ensities correspond t)o a, distance range of 2 to 
3 A. model building then shows t’hat the C$XH,+, 
distance must lie within the range 3( f 1) A. This 
approach. rather than generating a pseudo-atom 
(Wtithrich et ~1.. 1983), was used as it great’]? 
simplifies the molecular dynamics simulations and 
enables one to reduce the number of atoms in the 
system, t’hereby shortening the computjational time 
required. In fact. only polar and (“’ protons were 
included in the calculations, other protons and t,heir 
att,ached carbon atoms being represent’ed by a 
single extended atom (Gelin & Karplus, 1975: 
Brooks et nl., 1983). The complete set of 
structurally useful NOE values (numbering a total 
of 87) together with the approximate dist,ances 
derived from them are given in Table 2. 

(d) Restrained moledar dymzmics 

At the present time three approaches have been 
tried to solve three-dimensional solution structures 
of macromolecules on t,he basis of experimental 
interproton distances determined by NOE measure- 
ments: (1) the use of distance geomet.ry algorithms 
based on triangulation (Braun et al., 1983; Arseniev 

et al.. 1983; Have1 & Wiithrith. 1984. 1985; 
Williamson et al., 1985); (2) restrained least-squares 
refinement (Clore & Gronenborn, 1985a; Clore et al.. 

1985b.c): and (3) restrained molecular dynamics 
(Kaptein et al., 1985). The distance geometry 
algorithm approach, in principle, enables one to 
generate a structure, provided the chirality of the 
structure is known (Crippen & Have]. 1978: Kuntz 

et a/.. 1!179: LVako & Scheraga. I!)%!: Havc~l SI 
Wiithrich. 1984). This a,pproach has lwfvt trstfd 

with model data derived from the crvstat st rrlcturc, 
of bovine pancreatic t)rypsin inhibitor (Havcbl CU: 
\Viithrich. 1985) and has been applied n-it h SOII~~~ 

success to lipid-bound glucagon (Kraun it (xl.. 19%). 
insectotoxin I,A (Arseniev et al.. 1983) and 

proteinase rrL4 from bull seminal plasma 
(Williamson et al., 1985). The met’hod appears to be 
able to define the global features (namely overall 
size, shape and folding) reasonably well if suficient 
informat,ion is ava,itable. but leaves the local 
backbone conformation poorly determined (Havrt 
8: Wiithrich, 1985). This is due to a number of 
factors. including local convergence problems. and 
the absence of non-bonded int)eractions (i.c. van der 
Wa,als’ and elect’rostjatic) and torsion pottantiats in 
the algorithm. To overc~~mr this ~~t~obtrtn. 
Williamson et trl. (1985) have suggested applying a 
combination of energy minimization and int tlractivrx 
molecular graphics to the structures generatt~tl 1)) 
t)he distance geometry algorithm. The s~contl 
approach involves the restrained least-squares 
refinement of an init’ial starting tnodel on t bra basis 
of the int’erproton distances subject to geometric* 
(Liz. htd length. bond angle and planarity) 
restraints with or without the incatusion of van drt 
Waals’ repulsion terms. This has been applied with 
some success to oligonucleotides and. within cer%ain 
limits, the convergence properties of the method are 
good ((‘lore & Gronenborn. 1985n; (‘lore it 01.. 

1985a,b). Thus. this approach is caapabtr of 
achieving convergence to a single /I-DNA st,ruvturr 
starting, for example. from t,wo different N-I)SA 
struct’urrs. but is incapabk of ac.h if&vi ng 

convergence to a B-DNA structure st)arting from an 
initial &DNA structure. ln the cast> of oligo- 
nucleotides. this problem is not very screw. as the 
structural type (viz. A. H or Z) can be det’ermined 
unambiguously. not only from a quatitat,ive 
int,erprrtation of the NOE data but also from 
independent c.d. data. The final approach involves 
the application of restrained molecular dynamics. 
This involves t)he simultaneous solution of the 
classical equation of mot,ion for all at,oms of an 
assembly for a suitable t.ime period (McCammon et 
al., 1973. 1979; Karplus & McCammon. 1983), with 
the experimental interproton distances 
incorporated into the total energy function of the 
system in the form of effective potentials. A 
preliminary study using this approach has been 
carried out, on the lac repressor head piece (Kaptein 
at nl.. 1985). Only a single initial structure was used 
in this study so that the global convergence 
properties of the method could not be assessed. 

The approach used to determine the solution 
structure of the 17.mer peptide is restrained 
molecular dynamics. 1)etails of the methodology for 
the calculations, including equilibration and 
thermalization, have been described (Brooks et al.. 
1983). The empirical energy function used in the 
molecular dynamics studies consists of bond. bond 
angle. torsional and non-bonding (i.e. van der 
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Table 2 
Distance restraints (8) derived from the NOESY spectra 

A. Squential 

M--NH;+, C”H,-NH,, , 
(4) (d,) 

Q-NH, + 1 
Cd,) Others 

Serl mArg2 
Arg2-Glu3 
GlrSThr4 
Thr4 Va1.i 
Val,i~:ly6 
Gly6 -Arg7 
Arg7-lle8 
llr8 mLeu9 
Lei&l,yslO 
Lyslo- Met1 1 
MetI I-Leul2 
Leuld--Glu13 
Glul3-Asp14 
Aspll-Gin15 
(:In1.~-AsrlI6 
Am 1 ti&Leu 17 

2.5+0.5 
2.5kO.5 
2.5f0.5 
3.OkO.5 
2.5+0.5 
2.5rto.5 
3.0*0.<5 
2.5*0.5 
2.5kO.5 
3,0+0.5 
2.5AO.5 
2,5*0-5 
2.5kO.5 
2,5+0.5 
2.5 + 0.5 
2.5kO.5 

3.5f0.5 
3.0*0.5 
3.5f0.5 
3.550.5 
3..5*0.5t 
3.5kO.5 
3.5kO.5 
3.5kO.5 
3.5f0.5 
3.5kO.5 
3.5kO.5 
3.5+0.5 
3.5+0.5 
3.0f0.5 
3.5 + 0.5 

3+ 1 W-NH 3 + 1 
caW4+i 

3+1 WNH 4f 1 
3+1 (“-NH 3+ 1 
311 

C-NH 4 + 1 - 
3*1 
3 + 1 P-C”H 4k 1 
3&l 
3*1 
3&l 
3+1 

NH-C”H Others 

ArgP 
GIUS 
Thr4 
\-a15 
GIy6 
Arg7 
lIdi 
Lru9 
LyslO 
Met 1 I 
Lru 12 
(:I1113 
Asp14 
(:ln 13 
Asn I6 
IRUli 

2.5 + 04 
2.5kO.5 
2.5kO.5 
2.5f0.5 
2.5*0.5t 
2.5 + 0.5 
2.5kO.5 
2.5&0,5 
2.5kO.5 
25+0.5 
2.5 k 0.5 
2.5 f 0.5 
225f04 
2.5kO.5 
2.5 + 0.5 
2.5kO.5 

NH-Cd 4f 1 

NH-C64fl, NHP4&1 
NH-P’ 7.5:“‘5 ‘* 1 

NH0 4$1 

NH-N’H’ 4 & 1, C-NdH’ 3 f 0.5 
NH-WH 3 + 1 

Arg2 (C”H)-Val5 (Cy’) 
(ilu3 ((‘“H)-Val5 (NH) 
Thr4 ((‘YZ)-Ile8 (Cy2) 
Val5 ((‘W-Ile8 (NH) 
Va1.5 (C”H)-Ile8 (P*) 
Metl I (C’H)-Asp14 (NH) 
(:I~13 ((‘“H)-Asn16 (NH) 

3f0.5 
4:‘. 
4 $I* 
4:‘. 
3 ;i,5 
a+‘. 
4? 05 

Glu3 (CW-Gly6 (NH) 4’;., 

Va15 (C”H)-Leu9 (NH) 4’&5 
Va15 (C”H)-Ile8 (Cp) 3.5+ 0.5 

The distances and errors were estimated from the relative intensities of the cross-peaks in the 
NOESY spectra as described in the text. In those cases where stereospecific assignments could not be 
made. the H is not specified and the distances are related to the attached carbon atom with 
appropriate corrections being made on the basis of stereochemical considerations. 

t This distance applies to both C” protons of Gly6. 

Waals’ and electrostatic) interact’ion terms. The 
NOE effective potential terms, introduced as 
restraints, are represented by a skewed biharmonic 
effective potential of the form: 

ENOE (rij) = 
{ 

C1(Tij-rTj)', if rij > ryj, 

C2(rij-'T~j)2, if rij < rTj, 

where rTj and rij are the target and calculated 
interproton distances, respectively, and c1 and c2 

are force constants given by: 

kTS kTS 
c1 =z@y c2=2(6,i)2’ (4) 

where k is the Boltzman constant’, T is the 
absolute temperature, S is a scale factor, and A$ 
and Aii are the positive and negative error 
estimates of rij, respectively. In the molecular 
dynamics calculations, the scale factor S in 
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equation (4) was set to 5 so that error estimates of 
0.5 A and 1 A in the distances correspond to force 
constants of 24.9 and 6.23 kJ mol-’ AV2, 
respectively. These force constants are relatively 
weak, and the choice of distance ranges and errors 
is such t>hat there is sufficient overlap between 
adjacent distance ranges to ensure that the 
uncertainties in the distance measurements will not 
have a strong effect on the end result,. 

The strategy we have employed to test the 
restrained molecular dynamics method is the 
following. 

First. three regular secondary structure types, 
namely an a-helix (initial T), an extended B-strand 
(initial IT) and a 3-10 helix (initial III) were 
generated using the interactive computer graphics 
program FRODO (Jones, 1978, 1982). The 4, @ 
angles were -57”, -47” for the a-helix. - 119”. 
113” for t,he /l-strand and - 15”, -70” for the 3-10 
helix. The difference between these structures is 
sufficiently large to provide a good test of the global 
convergence properties of the method. This is true 
particularly for the b-strand starting structure, 
since the energy barrier for t’he conversion of a /?- 
strand to either an a-helix or a 3-10 helix is quite 
large (Ramachandran et al., 1966; Ramachandran & 
Sasisekharan, 1968; Schultz & Schirmer, 1979). 

Second. the three initial structures were 
subjected to 1000 cycles of restrained energy 
minimization (RM) (with S = 5 in eqn (4)) to 
generate structures RMI. RMII and RMIII and 
1000 cycles of free energy minimization (FM) (i.e. 
without the interproton distance restraints) to 
generate structures FMI, FM11 and FMIIT. 

Third. restrained dynamics calculations were 

carried out starting from structures RMI, RMII 
and RMITI, and free dynamics calculations from 
structures FMI, FM11 and FMIII. The dynamics 
calculations were divided inbo six parts: 

(1) Two picoseconds of equilibration. during 
which time t’he strurt,ure was heated up from 200 K 
to 300 K in steps of 10 K every 0.2 picosecond. 
In the rest,rained equilibration S was initially set to 
0.25 and increased by 0.25 every 10 K up to a 
value of 1.0: for the unrestrained runs. S was set to 
zero. 

(2) Two picoseconds of thermalization in which 
the initial velocities at 300 K were reassigned ever,v 
0.1 picosecond. The value of A’ was kept at 1.0 
during this phase of the restrained dynamics. 

(3) Ten picoseconds of dynamics (referred to as 
t’he first dynamics run) without adjusting the 
temperature of the system. For this phase. and all 
further phases of the restrained dynamics, S” was set 
to 5.0. Considerable heating occurred during this 
step of the restrained dynamics trajectory. Since 
the interproton distance restraints are poor]) 
satisfied in the initial structure, the reduction in t’he 
interproton restraint energy is accompanied by H 
corresponding increase in kinetic energy; this occurs 
within three picoseconds. In the case of the a-helix 
and 3-10 helix. the temperature increased to 600 K 
and in the case of the B-strand to 1100 K at three 
picoseconds and remained stable thereafter. 
Kecause of t)he harmonic bonding terms in the 
empirical energy function? these high temperatures 
do )aot result in any bond breaking nor in any 
significant distortion of bond angles. However, 
there are changes in the softer degrees of freedom 
(e.g. torsional angles). In t,he free dynamics. the 
heating effect. as expected. was much less 

Table 4 
The r.m.s. difference for all atoms and for the backbone atoms between the initial (Inil, Inill. I&II). free 
(FMI, FMII. FMIII) und restrained (RMI, RMII, RMIII) energy minimized, the average free (FDI. 

FDII, FDIII) a,nd restrained (RDI, RDII, RDIII) dynamics structures 

lnif Inil1 IniIIl FM1 FM11 
Overall r.m.s. difference (A) 

FM111 RMI RMII RMIII FDI 

lnil 9.60 3.77 0.53 
InilI X.67 i.HO 9.77 
InilIl 2.60 6.64 3.94 
FM1 0.32 8.82 2.76 
FM11 8.67 0.37 6.63 8.81 
FM111 2.52 6.84 0.60 2.65 
RMI 0.37 8.62 2.58 0.40 
RMII 8.06 I .58 6.08 8.19 
RMIII 2.59 6.67 0.68 2.73 
FDI 0.95 X.iU 2.83 0.88 
FDII 4.74 7.62 4.26 4.76 
FDIl1 2.38 8.27 2.69 2.36 
KDI 1.51 x43 2.77 1.62 
RI>11 2.35 8.88 3.53 2.32 
RDIII 1.77 X.90 3.28 1.80 

9.58 
0.45 
7.78 
7.77 

6.83 
8.62 
1.63 
6.66 
8.78 
7.62 
8.26 
8.43 
8.88 
8.89 

9.07 
1.49 
7.33 
9.24 
I.50 
7.56 
9.14 

3.70 0.58 
8.02 9.67 
0.67 3.89 
3.85 0.51 
840 9.64 

3.80 
2.4i 
6.28 8.02 
0.45 2.53 
2.74 0.95 
4.25 4.76 
2.59 2.32 
2.70 1.55 
3.45 2.40 
3-18 1.84 

6.11 
8.13 
6.93 
7.67 
7.82 
8.24 
8.27 

3.80 2.56 
9.23 9.54 
0.88 4.43 
3.95 2.51 
7.88 9.50 
0.69 4.32 
3.86 2.55 
7.42 9.00 

4.43 
2.80 
4.24 4.82 
2.64 2.07 
2.72 1.61 
3.50 2.04 
3.22 1.72 

FDII FDIII RDI RDII RDIII 

5.90 
8.75 
5.65 
5.99 
8.72 
5.64 
6.02 
8.22 
5.76 
5.86 

3.55 
9.23 
3.79 
3.58 
9.20 
3.67 
3.63 
8.74 
3.82 
3.21 
5.82 

4.37 
4.66 
5.08 
4.99 

3.5” 
9.24 
4.57 
3.59 
9.23 . - 
4.47 
3 .55 
8.73 
4.50 
2.85 
6.09 
3.80 

1.98 
2.35 
2.78 

5.90 3.55 
9.74 9.83 
5.43 5.22 

4.29 3.59 
9.i2 9.81 
5.64 5.1 I 
4.35 3.59 
9.24 9.34 
5.42 5.20 
3..iu 3.26 
6+2 9.92 
4.18 4.11 
2.71 2.84 

3.11 
I.&s9 

1.79 
1.45 

Backbone r.m.s. difference (A) 

The symbols 1, II and III refer to the structures obtained starting off from the a-helix, /l-strand and 3-10 helix initial structures. 
respctivel,v. The average dynamics structures are the averages over the last 8 ps of the second dynamics run (see the text) 
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pronounced, the temperature rising only to 400 K, restrained dynamics, where cooling was carried out, 
suggesting that the original equilibration time was at a rate of 10 K every 0.1 picosecond). 
too short. (5) Two picoseconds of rethermalization. in 

(4) A cooling step in which the structures were which the initial velocities at 300 K were reassigned 
cooled down to 300 K at a rate of 10 K every every 0.1 picosecond. 
0.2 picosecond (except in the case of the /?-strand (6) Ten picoseconds of further dynamics (known 

FDI 
IniI / FMI/ RMI 

InilI/FMIT/RMlI 

IniIU/ FINE/ RMIE 

FOIlI 

RDI 4 

RDIU 

Figure 3. Stereoviews of the initial (IniI, IniII. IniIII), free (FMI. FMII, FMIII) and restrained (RMI, RMII. RMIIT) 
energy minimized. and average free (FDI. FDII, FDIII) and restrained (RDI, RDII, RDIII) dynamics sbructures. The 
symbols I, II and III refer to structures obtained starting off from a-helix, b-strand and 3-10 helix initial structures, 
respectively. For the 3 sets, the initial and the free and restrained energy minimized structures are superimposed to 
show that both the free and restrained energy minimizations result in only very small changes from the initial 
structures. 
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as the second dynamics run). In this run, the 
temperature in all cases remained stable around 
300 K. The final averaged structures for the 
restrained (RDT, RDII and RDIII) and free (FDI. 
FDII and FDIII) dynamics were obtained by 
averaging the co-ordinate t’rajectories over the last 
eight picoseconds of this run. 

The energies of the initial, free and restrained 
energy minimized, and average free and restrained 
dynamics structures are given in Table 3: the r.m.s. 
difference over all atoms and over backbone atoms 
between these structures are given in Table 4. 
Stereoviews of the st,ruct’ures are shown in Figure 3 
and r.m.s. differenres between all at.oms, backbone 
atoms and side-chain atoms as a funct,ion of residue 
number are shown in Figures 4 and 5 for some 
combinat’ions involving the initial structures and 
the average free and restrained dynamic structures. 
Several interesting features emerge: 

(1) Neither restrained nor free energy minimiza- 
tion results in any gross alteration of the initial 
structures (see particularly Fig. 3). However, it 
should be noted t.hat. the internal energy. which is 
very high in the model-built structures is reduced to 
a satisfactory va.lue by free energy minimization, 
with only relatively small changes 
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5 1, _. ,;f 
. . .-, 

L 
0 '.'. 

RDI V. RDlI 

2 4 6 8 IO 12 14 16 

in the local 

structure. By contrast, in the presence of the NOE 
rest,raints. the energies of all the structures remain 
rather high after minimization: this is particularly 
evident in the B-strand structure. Apparently the 
NOE restraints have prevented the structural 
adjustments required to obtain satisfactor? van der 
Raals’ and electrostatic energies. Moreover. 
restrained minimization results in only a small 
improvement in the restraints pot,ential in the cases 
of the 3-10 helix and /?-st,rand, and a slight increase 
in the rest,raint potent,ial energy in the case of the LX- 
helix. These results suggest t’hat the model-built 
structure. even for the n-helix, is in the neighbour- 
hood of a local energv minimum tha.t is inconsistent 
with the NOE restraints and from which the system 
cannot escape by energy minimization techniques. 

(2) The free dynamics do produ~ structural 
changes. The r-helix remains an xc-belis. but 
alt’erations in side-chain positions occur. The 3-10 
helix is converted t.o an cl-helix, in part because the 
van der LVaals’ interactions are more favourable in 
an z-helix relstive to those of a 3-10 helix; also it is 
known that 3-10 helices are generally stabilized by 
int.rractions with bound wa,ter molecules (Rose it 
rtl., 1983). However, the r.m.s. difference between 
FDT and FDTTJ is still large (3.2 ,r\ for all atoms; 

RDII KS IdI 

2o I’ 
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I I I I I I I I 
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Figure 4. The r.m.s. difference (A) for all (-), backbone (-----) and side-chain (... . .) atoms as a function of residue 
number for various pairs of structures involving the initial (IniI. IniII. IniIII) and average restrained dynamics (R,DT. 
R.DII, RDIII) structures. 
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Figure 5. The r.m.s. difference (A) fhr all (--). txwkbone (-----) a11(1 sidr-chain (. -) atoms as a tiulcatiou of’ residue 
nurnt)er for various pairs of structures involving the initial (IniI. IniTT. IniIII). average f&r dynamics (FI)I. FI.)TI. 
Fl)TTT) and average r&rained dynamics (RDT. R,DII. RDTII) &ructures. 

2.1 ‘4 for the backbone atoms) and not significantly 
reduced over that between the initial structures 1 
and 111 (3.8 L% for all atoms: 2.6 ,t for the backbone 
atoms). In the case of the B-strand (FDTT), 
something rat.her different happens: the structure is 
compressed and becomes locked in an essentially 
random coil configuration (also see Fig. ‘i and the 
Ramachandram plot in Fig. 8). In all three cases, 
however, little improvement, occurs in the agree- 
tnent with the experimental interproton distances. 

(3) Tn all three cases. the restrained dyllwrrrics 
result in convergence to an a-helical structurch 
sa.tisfying all experimental interproton dist.anc*r 
restraints. wit.hin Ihe error limits of theit 
estimat.ion. The similaritv between the averagr 
restrained structures is h”ighlight)ed by Fignrc 6. 
which shows stereoviews of the C”‘. thr backbollc 
and all atoms of the three structures superimposed. 
The convergence in backbone conformations is also 
illustrated by a plot’ of the $ and rl/ angles of the 
structures as a function of residue number (Fig. 7). 
For the initial r-helix, t,he dihedral angle plots 
indicate that changes in the backbone are small. 
Comparison of the 4 and Ic/ angles of RI11 and 
RDIII only shows a significant difference a.t residue 
7 for C$ and residue 6 for rc/. Comparison of the 4 

and $ angles of KSl)ll IWSIIS t tip othr>r two 
structures only shows a significant diffr~r~nc*c~ at 
residues 14 and 15 for 4, and at residues 1 I I 13 ant1 
14 for $. These are apparent on examinat.ion ot 
Figure 6(a) and (b). The convergence to an x-helix is 
also illustrated t)y a Ramsc>handran plot in 
Figure 8. 

(4) The time period over which major struc:tural 
changes o(acur during the first d,vnamics run is much 
shorter for the restrained than for the frw 
dynamics. This is illustrated hy snapshots of thr 
t)rajectories in Figures 9 and 10 for the two most 
dramatic cases. namely the first restrained and firti 
dynamics runs, respectively. starting from t tit’ 

/j-strand (initial structure Tl). I II t.hc restrained 
dynamics. the t,ransition t,o a structure with thtl 
lengt’h of an a-helix is achievrtl wit hill 

1.5 picoseconds. Tn contrast, significant cshangrs in 
st,ructurp in the free dynamics occur only after 
about four picoseconds. However, rather large 
structural oscillations continue t’o t,ake place in the 
restrained structure over the remainder of the* 
trajectory and the final structure at 1100 K is 
different from the RI>11 result. 

(5) The dynamics provide information not. only 
on struct,ure but also on mobility. This is itlust.rated 
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(b) 

Figure 6. Best tit superposition of (a) the C” atoms (connected by virtual bonds), (b) the backbone atoms (exrluding 
protons) and (c) all atoms of the 3 average restrained dynamics structures. RDI, RDII and RDITl. 

in Figure 11 hy a plot of r.m.s. fluctuations in 
backbone, side-chain and all atoms as a function of 
residue number for the six average clynamics 
structures. ,4s expected. the mobility of the side- 
chains is slightly higher than that of the backbone. 
The magnitude of t,he r.m.s. fluctuations (between 
O*li a and 1 A) are broadly similar for all the 
strurtures, with the exception of FIjII, where the) 
are much larger (between 1 a and 3 8). This is not 
surprising as FDIT is close to a random coil and has 
some drifting motions superimposed on the local 
fluctuations of the atoms. A visual impression of the 
mot)ions in structures RDT, RDII, RDIII and FDII 
is given in Figure I%, where stereoviews of 
snapshots taken at two, four, six, eight and ten 
picoseconds in the second dynamics run are 
superimposed for each structure. A comparison of 
Figure 1% with Figure C;(C) also reveals that the 

magnitude of the motions in the average restrained 
dynamics structures, although slightly smaller, is 
not very different from the magnitude of the 
difference between the three average restrained 
dynamics structures. 

(e) Structural features of the average 
restrained dynamics structwes 

A st’riking feature of this a-helical 17-mer peptide 
is that it possesses two distinct faces. namely a 
hydrophobic face and a hydrophilic face. This is 
illustrated in Figure 13 by a space-filling 
representation of the average restrained dynamics 
structure RDI. This makes excellent sense in terms 
of the position of helix F in CRP: the hydrophobic 
face of the helix is direct,ed towards the protein 
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Figure 7. $J and II/ angles plotted as a function of residue number for the average restrained and free dynamics 
structures. (-), RDI and FDI; (-----), RDII and FDII; (. . .), RDIII and FDIII. 
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Figure 8. Ramachandran (6, $) plot for the average 
restrained and free dynamics structures. Symbols: (+), 
RDI and FDI; ( x ), RDII and FDII; (0). RDIII and 
FDIII. 

interior, whereas the hydrophilic face is exposed to 
the solvent and free to interact with a DNA target 
site. 

The helix itself is stabilized by a network of polar 
and non-polar interactions. The hydrophobic inter- 
actions involving methyl groups occur between the 
following pairs of residues: Thr4 and Ile8, Va15 and 
Ile8, Ile8 and Metll, Leu9 and Leu12, and Met11 
and Leu12. Interestingly, these residues occur in 
relative positions 1, 2, 5 (Thr4, Va15 and Ile8; Tle8, 
Leu9 and Leul2) and 1, 4, 5 (Ile8, Met11 and 
Leu12). This is in complete agreement with 
statistical analyses of non-polar group distributions 
in proteins which have shown that the occurrence of 
non-polar triplets in helices with these relative 
positions is significantly higher than would be 
expected on the basis of amino acid composition 
(Lim, 1974a,b; Palau $ Puigdomenech, 1974). In 
addition to the backbone hydrogen bonding 
involving the backbone CO and NH groups, the 
polar interactions common to all three average 
restrained dynamics structures are as follows: 
between the terminal NH: of Serl and the 
carboxylate of Glu3, the backbone CO of Glu3 and 
the guanidinium group of Arg7, the NeHl of Lysll 
and the carboxylate groups of Glu13 and Aspl4, 
and between the backbone CO of Glu13 and the 
N6H, of Asnl6. Additional interactions include 
those between the 0’ of Serl and the N”H and 
guanidinium group of Arg2 in RDI, the OYH of Serl 
and the carboxylate of Glu3 in RDI and RDII, the 
N&H of Arg2 and the carboxylate of Glu3 in RDI, 
the backbone CO of Glu3 and the N”H of Arg7 in 
RDT and RDTIT, the OY’H of Thr4 and the 
carboxylate of Glu3 in RDIII, and the N&H, of 
Glu15 and the C-terminal carboxylate of Leu17 in 
RDIT. 
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Initial II OPS 

lb5PS 

0.5 ps 

2PS 

3PS 6 PS IO ps RDIt 

Figure 9. Snapshots of the trajectory of the first restrained dynamics run showing the conversion of the ,&strand 
(initial structure II) to an a-helix. The structure at 0 ps is the structure obtained after equilibration and thermalization. 
RDII is the average restrained dynamics structure of the second dynamics run. For the sake of clarity only the 
backbonr atoms (excluding protons) are shown. 
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RDI FDI 

RDII FDII 

RDlIt FDIII 

I 25 - 

2 4 6 8 IO I2 14 16 2 4 6 8 IO 12 14 16 

Resrdue 

Figure 11. The r.m.s. fluctuations (A) of all (-), backbone (-----) and side-chain (. .) atoms as a function of residue 
number for the average restrained (RJ)I. RDTT, RDIII) and free (FDJ. FLIT. FDTII) dynamics structures. 

There are two other interesting structural 
features of the average restrained dynamics 
structures. First, two of the structures, namely RDT 
and RDTT, are bent with the hydrophobic face on 
the convex surface and the hydrophilic face on the 
concave surface. whereas the third structure, 
RI)TTT. is straight. This is best seen in Figures 12 
and 13. The bending of helices in proteins has been 
discussed by Blundell et al. (1983). Second, the 
orientation of the side-chains of Serl and Arg2 are 
quite different in RDT and RDTI on the one hand 
and RDITI on the ot,her. In RDT and RDII the 
side-chain of Serl is directed towards the side- 
chains of Arg2 and Glu3, whereas in RDIII it. is 
directed awa.y from them. These two conformations 
of Serl may reflect the two slow-exchanging 
conformations of Serl observed in the n.m.r. 
studies. Tn addition, whereas the side-chain of Arg2 
is pointed towards the N terminus in RDT and 
RDIT, it is directed towards the C terminus in 
RDTII, with its guanidinium group making an 
electrostatic int,eraction with the backbone CO of 

Glyci (note the oxygen of t,he latter no longer points 
in the direction of the helix axis but is at an angle 
of approximately 70” to it in RDIII: this is reflected 
by deviations in the 4 and $ angles involving Gly6; 
see Fig. 7). Since there were no int#erproton distance 
rest’raints involving the side-chains of these two 
residues. these differences arise from energy terms 
intrinsic to the molecular dynamics calculation 
itself, in particular the electrostatic and van der 
M?aals‘ interactions. 

4. Concluding Remarks 

Tn this paper we have demonstrated the power of 
restrained molecular dynamics, based on inter- 
proton distance restraints derived from NOE 
measurements, as a method of three-dimensional 
structure determination in solution. Within the 
limits of t’he rather imprecise distant, restraints 
used. the initial starting conformation (cc-helix, 
b-strand or 3-10 helix) has little influence on the 

Figure 10. Snapshots of the trajectory of the first free dynamics run showing the conversion of the b-strand (initial 
structure II) to a compressed random coil. The structure at 0 ps is obtained after equilibration and thermalization. 
FDTI is the average free dynamics structure of the second dynamirs run 



RDI RDII 

Figure 12. Best fit superposition of the structures at 2, 4, 6. 8 and 10 ps of the second dynamics run for the restrained 
dynamics structures (RDT. RDII, RDIII) and 1 f ree dynamics structure (FDII). 

final global state (a-helix). This contrasts with the 
results of energy minimization. However, it should 
be noted that the present study concerns itself with 
a particularly good case for such global 
convergence, since the distance restraints from the 
NOE data are very effective in defining cc-helices 
(Wiithrich et al., 1984). Also, it must be mentioned 
that there is no independent evidence that the 
details of the predicted structure are correct. Not 
surprisingly, the positions of the backbone atoms are 
better defined than those of the side-chains, as 
relatively few distance constraints involving side- 
chain atoms were used. This situat’ion might 
improve when applying the method to whole 
proteins, as the available positions of side-chains 
within the protein interior would be limited by the 

strict packing requirements and non-bonding 
interact,ions on the one hand and by NOE restraints 
connecting neighbouring side-chains in space on the 
other. 

Inspection of the energy terms of the average 
restrained dynamics structures reveals that the 
energies increase in the order RDT 
< RDIII -C RDII. (Note that this could also 
indicate a not as yet complete equilibration that 
may take longer than 20 ps.) That is to say, the 
closer the initial structure to the act,ual structure, 
t,he lower the energy terms (both overall and 
individual) of the average restrained dynamics 
structure. This may be of significance when the 
method is applied to whole proteins (e.g. as in the 
case of the lac repressor head piece; Kaptein et al., 
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900 
270° 

Figure 13. Views of a spare-filling representation of the average restrained dynamics structure RDI, illustrating the 2 
distinct, faces of the helix. namely the hydrophobic and hydrophilic faces. The atoms of those residues whose side-chains 
have methyl groups (namely, Thr4, Va15, Tle8, Leu9, Metll, LeulB and Leul7) are represented by broken circles. 
whereas the atoms of all other residues are represented by continuous circles. The 4 views represent) successive rotations 
of 90” about the helix axis. These pictures were produced by a computer program written by Lesk 8: Hardman (198%). 

1985). In such cases, convergence would be 
expected to be most efficient if a reasonable initial 
structure derived by model building, rather than 
some random structure, were used to start the 

calculation. This may be possible in proteins 
composed mainly of cr-helices and /I-sheets, since 
such secondary structure elements are easily 
identified by visual inspection of the NOESY 
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spectra (Wiithrich rt nl., 1984). Moreover. under 
ideal conditions, it is possible that the approximate 
three-dimensional structure of the prot’ein can t’hen 
be deduced by interactive molecular graphics on the 
basis of t’he observed long-range contacts (i.e. short 
interproton distances between residues far apart in 
the sequence) (Zuiderweg et al.. 1984). However. the 
uniqueness and accuracy of such st,ructure 
determinations has yet to be determined. 

N’hat are the relative merits of the restrained 
dynamics and distance geomet)ry algorithm 
approaches! A disadvantage of the latter is that 
given the availability of only a set of either rather 
imprecise or incomplete distance restraints. the 
structures obt’ained may possess energetically 
unfkvourable features. This is particularly so as 
long as the distantae geometry algorit’hms do not 
take into account non-bonded (viz. van der Waal’s 
and electrostatic) interactions and torsion 
potentials. Moreover, the subsequent application of 
energy minimizat)ion (either free or restrained) t,o 
the structures may not be fruitful owing t’o the 
lirnited global convergence properties of the energy 
minimization algorithms. However, since the 
distance geometry algorithms are relatively fast, 
t)rials with several initial structures can be done 
ea,sily. Restrained molecular dynamics. on the other 
hand, takes into account all energy t,erms. can 
overcome energy barriers between false rninima and 
is capable of converging to structures wit,h lower 
energies. Tt suffers from the fact, that it is expensive 
in terms of computer time. Thus. for the small 
system of only 17 amino acid residues and 195 
atoms presented here, each complete dynamics run 
took approximately 30 min on a C’RAY 1 computer. 
which is equivalent to about 35 to 40 hours on a 
\‘,-2S 1 I/780 comput,er. It is t.herefore clear that 
even for small proteins it would only be feasible to 
start from a few initial structures, given the 
present speed and capabilities of computers 
commonly available for these calculations. 
However, if one is interested in refining only a 
particular part of a larger structure such as. for 
example, the DKA binding domain of CRT’ bound 
t’o DKA, use of t)he recent’]? developed stochastic 
molecular dynamics method (Brooks bi Karplus, 
1983: Brunger of ~1.. 1984; A. Rrunger. (‘. I,. Brooks 
& M. Karplus, unpublished results: Brooks rf nl.. 
1985) in combination with the iY\‘OE rest.rained 
effective potential could greatly reduce the 
computing time for such larger systems. 
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